Electric double layers allow for opaque electrodes in high performance organic optoelectronic devices APL: Org. Electron. Photonics 5, 236 (2012) Electric double layers allow for opaque electrodes in high performance organic optoelectronic devices Appl. Phys. Lett. 101, 173302 (2012) Vacuum-integrated electrospray deposition for highly reliable polymer thin film Rev. Sci. Instrum. 83, 105106 (2012) Additional information on J. Appl. Phys. Transmission through split ring resonator ͑SRR͒ structures loaded with capacitors is investigated both experimentally and numerically. Magnetic resonance frequency ͑ m ͒ is observed to shift to lower frequencies when capacitors are mounted to the various capacitive regions of the SRR structure. The amount of change in m depends strongly on the place where the capacitors are loaded. The magnetic resonance is obtained at 0.99 GHz with subwavelength SRR size of /42 when the capacitor ͑C = 2.2 pF͒ is integrated at the split region of the outer ring.
I. INTRODUCTION
Artificially constructed materials may have properties that are not available in naturally occurring materials. As such an exciting composite material, split ring resonators ͑SRRs͒ received growing interest in recent years. Exotic electromagnetic ͑EM͒ properties emerge from SRR structures such as negative permeability and left-handed ͑LH͒ electromagnetism. Pendry et al. verified that SRRs built from nonmagnetic thin sheets of metal possess a wide range of effective magnetic permeability values including the negative ones. 1 The scale of SRR is much less than the incident EM radiation, so that the effective medium theory is applicable. It has been shown that SRR array, when combined with proper thin wire array, exhibits left-handed properties. [2] [3] [4] [5] Since SRRs play an important role for the construction of left-handed metamaterials ͑LHMs͒ with negative refractive index, considerable amount of effort has been given to understand the underlying physics of these negative permeability materials in the literature. [6] [7] [8] [9] [10] [11] [12] [13] [14] Numerical simulations and analytical models are employed to calculate capacitance values and resonance frequencies of various SRR designs. [9] [10] [11] [12] The LH passband frequency is essentially determined by the magnetic resonance frequency ͑ m ͒ of periodic SRR structures. Controlling m of SRRs will open ways for operation of negative refractive media at the desired range of frequencies. Changing the m of SRR structure can be achieved by changing the capacitance or inductance of the split ring resonators. Recently Gil et al. loaded varactor diodes on SRR-based notch filters for tuning the frequency of operation. 13 In this study, we present experimental results of transmission through the unit cell of SRRs loaded with capacitors at different capacitive regions.
II. STRUCTURES AND EXPERIMENTAL SETUP
Split ring resonator structures are built from nonmagnetic concentric copper rings with splits oriented at the opposite sides. Figure 1͑a͒ shows a schematic drawing of a single SRR. The structural parameters, as provided in Fig.  1͑a͒ , are d = t = 0.2 mm, w = 0.9 mm, and R = 3.6 mm. Planar SRR array is fabricated on FR4 printed circuit boards, and unit cells of SRRs are extracted from the array. Surface mount capacitors with various capacitance values are placed at three different capacitive regions of SRRs. Namely, ͑i͒ the gap region between inner and outer rings, ͑ii͒ outer ring's split region, and ͑iii͒ inner ring's split region. The photographs of the SRRs loaded with capacitors are given in the insets of Figs. 2͑a͒-2͑c͒, respectively.
The resonance behavior could be observed from the frequency response of single SRR. Two monopole antennas are used to transmit and detect the EM waves through the single SRR unit cell. The monopole antenna was constructed by removing the shield around one end of a microwave coaxial cable. The exposed center conductor which also acted as the transmitter and receiver was on the order of / 2, arranged to work at the frequency range covering the m of the SRR structures. A single SRR is placed between the monopole antennas as shown in Fig. 1͑b͒ . The distance between the monopole and SRR unit cell is 6 mm. Monopole antennas are then connected to the HP-8510C network analyzer to measure the transmission coefficients. First, we measured the transmission spectra in free space ͑i.e., without SRR unit cell͒, which is used as the calibration data for the network analyzer. Then, SRR unit cell was inserted between the monopole antennas, and we performed the transmission measurements by maintaining the distance between the transmitter and receiver monopole antennas fixed. 
III. RESULTS
Split ring resonators consist of two concentric rings separated by a gap, both having splits oriented at opposite sides. Magnetic resonance is induced by the splits at the rings and the gap between the concentric rings. Current cannot flow around any one ring because of the splits, but the capacitance at the gap between the two rings enables current to flow.
1 SRRs can be modeled as LC circuits where the inductance arises from the rings. 9, 10 Total capacitance of the SRR system has mainly two contributions. The first one is the capacitance at the split regions and the second contribution is from the gap between the concentric rings. These capacitances together with the inductances from the rings determine the m of the resonator structure. Changing the capacitance and inductance values results in a change in m of SRRs, as expected from an LC circuit. Recently Aydin et al. studied the effects of several SRR parameters such as split width, gap distance, and metal width on magnetic resonance frequency of SRRs. 6 Magnetic resonance frequency of SRR without any additional capacitance is measured at 3.82 GHz ͑data not shown here͒. 5 Firstly, we mounted capacitors at the gap region between the inner and outer rings ͓see Fig. 2͑a͔͒ . The capacitance at the gap region is therefore changed, which affects the total capacitance of the system. Measured transmission coefficients of SRRs loaded with different capacitances are provided in Fig. 3͑a͒ . The magnetic resonance frequency is reduced down to 3.44 GHz for SRR loaded with C = 0.2 pF and to 2.86 GHz for C = 3.3 pF.
We also performed simulations to check the experimental results. Simulations are performed by using commercial software CST MICROWAVE STUDIO, which is a threedimensional ͑3D͒ full-wave solver employing the finite integration technique ͑FIT͒.
14 In order to determine the resonance frequencies of the structures under consideration, we have included one layer of the SRR structures along the propagation direction. In the simulation setup, the structures are subjected to an incident plane wave. Open boundary conditions are employed along the propagation direction. Periodic boundary conditions are used along the directions other than the propagation direction. Hence, the structure is assumed to be periodic and infinite along the directions that are perpendicular to the propagation direction. The transmission amplitudes are obtained by using the fields at a distant point from the structures. This point was chosen such that beyond this point the transmission coefficients do not change with increasing distance. Such a choice was made to exclude the near-field effects due to the highly resonant nature of the structures under consideration. The simulation software enables us to insert lumped elements into the structure. We inserted capacitors and assigned capacitance values by using this tool. Figure 3͑b͒ shows the simulated transmission spectra, and there is a good agreement between experimental results and numerical simulations.
Secondly, we integrated capacitors at the split region of the outer ring ͓see Fig. 2͑b͔͒ . Measured transmission coefficients of SRRs with different capacitors are provided in Fig.  4͑a͒ . Resonance frequency significantly shifts to 2.87 GHz when C = 0.1 pF is mounted to the outer ring's split region. Magnetic resonance frequency can further be reduced down to 0.99 GHz by using a C = 2.2 pF capacitor. The tuning range is higher for a capacitance loaded at the split region than a capacitance loaded at the gap region. Numerical results that are provided in Fig. 4͑b͒ agree quite well with the experimental data. A similar experiment was performed in an earlier study of our group. 6 We included experimental results with different capacitance values in this letter to make a comparison for the cases where the capacitances are loaded at the inner split and gap regions. We also decreased the magnetic resonance frequency furthermore in this study.
Finally, we loaded capacitances at the split region of the inner ring ͓see Fig. 2͑c͔͒. Figures 5͑a͒ and 5͑b͒ display measured and calculated transmission coefficients for different capacitance values, respectively. For C = 0.2 pF and C = 1.2 pF the resonances are observed at 3.24 and 1.76 GHz, respectively.
The magnetic resonance frequencies of SRRs as a function of capacitances loaded at different capacitive regions are shown in Fig. 6 with corresponding data points. It is clear from Fig. 6 that the highest amount of tuning can be achieved by loading capacitances at the outer split region. We also checked the experimental results with the numerical models in the literature. The capacitances due to the splits were ignored and only gap capacitance is taken into account when modeling SRR structure in Ref. 9 and 10. In general, the split capacitances are relatively small and can be ignored. However, if a capacitor is loaded in the split region, the split capacitance becomes important and affects resonance frequency as observed in our study. In Refs. 11 and 12, the capacitances due to the splits were taken into account; therefore we will use this model to compare our experimental results. The approximate formula for the lowest magnetic resonance frequency is given in Ref. 12 as
where L av is the average inductance of the two rings, C g is the capacitance due to the gap, and C s1 and C s2 are capacitances due to the outer and inner splits, respectively. By using the formula provided in Ref. 10 , we calculated the gap capacitance as C g = 0.14 pF. The capacitances due to the splits are calculated to be C s1 = C s2 = 1.2 fF. Since the magnetic resonance frequency of our SRR structure is at m = 3.82 GHz, by substituting the known parameters in ͑1͒ the average inductance is found to be L av = 76.7 nH. The capacitors inserted at the split region is connected in parallel to the split capacitance, therefore we can insert C s1 = C in ͑1͒ and plot the corresponding curve for the outer split. Note that C is the capacitance value of the surface mount capacitor. The results obtained from the model are plotted with a blue line in Fig. 6 and the results extremely agree well with experimental data. It is clear from the experimental observations that the effect of the capacitance in the inner split region is less than that of the outer split region. Therefore we can introduce a phenomenological factor in the model to obtain the best fit with the experimental data. In ͑1͒ if we put 0.4C s2 instead of C s2 , the red line in Fig. 6 is obtained. As clearly seen, the match between the model and the experimental results is quite good.
To obtain the results for the capacitor loaded at the gap region, we can use the model by Marques et al. 9 In the model the rings are divided into two parts as right and left halves. These two halves are connected in series. When we insert the capacitor at the gap region, we connect it in parallel to one half. It is clear that the amount of increase in the gap capacitance will not be as high as in the cases in the outer and inner splits since two halves are connected in series. By using the As a comparison, m shifted down to 2.86 GHz with a 3.3 pF capacitor loaded at the gap region. But the same amount of tuning has been achieved with a 0.1 pF capacitor at the split region of the outer ring. To reduce m down to 2.86 GHz, a capacitor with capacitance value between 0.2 and 0.4 pF is required to be loaded at the inner ring's split region. Instead of mounting varactors at the gap region, putting them at the split regions should result in higher tunability ranges for SRR structures. 13 The highest tunability range is achieved with capacitors at the outer ring's split region. Pendry et al. argued that the energy is concentrated at the very small volumes of the SRRs. 1 Therefore by loading capacitors at small volumes of SRR, such as gaps or splits, one can achieve high EM response from the SRR structures depending on the position of the loading. We have simulated the electric field intensity at the resonance frequency of SRR by using CST MICROWAVE STUDIO. 14 An electric field monitor is placed at the resonance frequency and the resulting intensity profile is plotted in Fig. 7 . The intensities are normalized with respect to the maximum intensity value. It is clear that the electric field is mostly concentrated at the outer ring's split region. The E field is also localized at the inner split region and gap region, but localization is not as strong as the case in the outer split region. Therefore one should consider using a split region to achieve tunability or nonlinearity from SRR structures instead of the gap region. By loading capacitances, we not only change the magnetic resonance frequency but also change the effective permeability values of SRR. Lee et al. studied the effect of tunable components on the effective parameters of SRR structure. 15 It is worth mentioning at this point that by loading the capacitor at the split region of the outer ring with a value of C = 2.2 pF, we managed to obtain m at 0.99 GHz. This is the highest reduction of resonance frequency of a SRR. The diameter of the SRR structure is 7.2 mm and the free-space wavelength at 0.99 GHz is 303 mm. Therefore magnetic resonance is achieved by using a subwavelength structure with a size of / 42. It is worth mentioning at this point that it is possible to obtain magnetic resonances with lower frequencies by making use of other resonator systems. The size of a capacitively loaded loop is / 500, 16 a wide capacitively loaded ring is / 320, 17 and a capacitively loaded doublesided spiral is / 250, 18 where corresponds to the wavelength at the magnetic resonance. Another prominent structure is a Swiss roll with a relative diameter of / 700.
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IV. CONCLUSION
We used several capacitors with varying values of capacitances to load the capacitive regions of SRR. Experimental and numerical results show that the position of the capacitor affects m considerably. We also validated the results by using the numerical models given in Refs. 9 and 11. The highest reduction of m is achieved when capacitors are loaded at the outer ring's split region. By using SRRs with subwavelength sizes ͑ /42͒, it is possible to obtain magnetic resonance. We believe that our study will shed light on further numerical models of the SRR structures. Capacitorloaded SRRs can be used as tunable metamaterial components, where one can change the magnetic resonance frequency, negative refractive index region, and effective parameters of SRRs.
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